The extraction of titanium from the Ti-enriched product which was prepared from Ti-bearing blast furnace slag by alkali roasting and water leaching, was investigated by dilute sulfuric acid leaching. The effects of sulfuric acid mass fraction, the ratio of acid to slag, reaction temperature and time on the extraction rate of titanium were studied in this paper. The results show that titanium recovery of 92.62 pct was obtained under the conditions of sulfuric acid mass fraction of 50 pct, ratio of acid to slag of 1.5:1, reaction temperature of 160 and reaction time of 2.5 hours. The kinetic study indicates that the acid leaching reaction was controlled by the rate of diffusion, and kinetics equation of drozdov can be described the acid leaching reaction.
Introduction
Vanadium-titanium magnetite ore from the Pan-xi region provide a source of titanium, vanadium, and iron. The ore was smelted in blast furnace, most of the Ti component was separated from iron and concentrated into the molten slag in iron blast furnace process. The molten slag contains 20-25% TiO2 and named Ti-bearing blast furnace slag [1] . At present, Ti-bearing blast furnace has already accumulated 50 million tons, and it is still increasing at a rate of 3 million tons per year [2] , most of slag pilling up under out door condition, resulting in a waste of resources and environment pollution.
Due to dispersed distribution of Ti components in various fine grained mineral phases and the content is not high, so it is difficult to recover the titanium dioxide through traditional separation processes [3, 4] .As so far, Several mineral processing and metallurgical processes [5, 6] have been proposed for treating the slag in recover the Ti components. Sach as selectively nitrogen-carbonizing-chlorinating to produce TiCl4 [7, 8] , the enrichment of TiO2 by sulfuric acid process [9, 10] and Using aluminothermy process to obtained Al-Si-Ti alloy. However, there are none of methods was proved to have high recovery of Ti and economic acceptability, so far the slag has not been efficiently utilized [11] . Therefore, the idea of enrichment of titanium first and then extraction of titanium was suggested by our group. The technique is expressed as follows: by adding chemical additives into the molten slag during the high temperature roasting process. In addition to Ti component, the valuable components (such as Si, Al, Mg) reaction with chemical additives to generate soluble salt. Then by leaching to separate residue and filtrate, most of the Ti component was enriched into the residue, called the Ti-enriched product. Then the Ti component can be separated from Ti-enriched product by dilute acid leaching.
Our existing research using "ammonium sulfate roasting -leaching process" to enrichment of titanium component, then extraction of titanium from Ti-enriched product by dilute sulfuric acid leaching to preparation of titanium dioxide. But because silicon components remained in the Ti-enriched slag in the process of enrichment of titanium, so the silicate generated in the process of extraction of titanium, the leading to extraction rate of titanium is not high [12] . In order to solve the defects of prophase research, the present work using sodium hydroxide as a roasting additive to enrichment of titanium, obtained the Ti-enriched product in roasting process contains no silicon component. Then in this paper, using the Ti-enriched product as raw materials, purpose to study the recovery of the Ti compounds from Ti-enriched product under the condition of dilute sulphuric acid through two aspects: research of optimum process conditions and dynamics research of acid leaching process. At present, the research of extraction of Ti component using dilute sulfuric acid leaching method under normal pressure from Ti-enriched product has not been reported.
Experimental

Materials and reagents
The Ti-bearing blast furnace slag come from Panzhihua Iron and Steel Corporation, and the Ti-enriched product was collected from Ti-bearing blast furnace slag by the process of alkali melting in this paper. Ti-bearing blast furnace slag and Ti-enriched product were milled to 0.074mm and dried in an oven at 105 for 6 h. Chemical composition, phase composition and molecular structure of raw material were analyzed by X-ray fluorescence spectroscopy (PANalytical B.V.), X-ray diffraction (PANalytical B.V.) and infrared spectrum (Thermo Electron Corporation). Sulfuric acid (AR grade) was purchased from Chengdu Kelong Chemical Reagent Company.
Experimental procedure
alkali roasting
Ti-bearing blast furnace slag of 10.0 g was thoroughly mixed with NaOH in a mass ratio of 1.5:1in a 50-mL nickel crucible. And then crucible was roasted under 800 degrees Celsius for 120 minutes in a temperatureprogrammable furnace. When reaction finished, the reacting slurry was taken out and dissolved into 250 mL deionized water for 60 min at 90 , followed by filtration to obtain tailing and filtrate. The tailing is Ti-enriched product.
Acid leaching
Sulfuric acid with mass fraction from 30% to 70% was filled into a three neck flask(500mL), and then placed in a heating jacket. Once the temperature was at the preset value (60, 80, 100, 120, 140, 160, 170, 180 ), 5g of the Tienriched product was added at an ratio of acid to slag (wt.) in a certain proportion(0.5, 0.75, 1.0, 1.25, 1.5, 1.75, 2.0, 2.25), kept the temperature in a certain time(0.5, 1.0, 1.5, 2.0, 2.5, 3.0, 3.5 h). When leaching reaction finished, the reacting slurry dissolved into 250 mL deionized water for 60 min at 90 , followed by filtration to obtain a filtrate and tailing. The titanium extraction rate of Ti-enriched product analyzed using chemical titration and the mineral phases of tailings were analyzed using XRD. Table 1 and Table 2 shows the chemical composition of Ti-bearing blast furnace slag and Ti-enriched product, the content of Ti component in slag increased from 20% to 30% by sodium hydroxide roasting and water leaching process. The phase composition of Ti-enriched product (Fig.1a) includes three kinds of crystalline and amorphous, three kinds of crystalline are perovskite, calcium sodium silicate and magnesium oxide respectively. The vibrational bands of Ti-OH bonds (1468cm -1 ) can be observed in the FTIR spectra of Ti-enriched product (Fig.1b) , it can be proved that the amorphous is amorphous hydrous titanium oxide. In addition, The vibrational bands of Ti-O bonds (500 cm -1 ) and Si-O bonds (992 cm -1 ) proved the existence of perovskite and calcium sodium silicate. 
Results and discussion
Analysis of mineralogical characteristics
Relationship between experimental conditions and titanium extraction 3.2.1 Effects of sulfuric acid mass fraction
The extraction of titanium from Ti-enriched product by sulfuric acid at various mass fraction was studied, Within the series of tests, the acid/slag ratio and leaching temperature were constant 1 and 90 , respectively. The leaching time was 2 hours. The results (Fig.2a) show that the sulfuric acid mass fraction has a significant effect on the extraction of titanium, the titanium extraction increased quickly at first and then slowly with increasing sulfuric acid mass fraction. When the mass fraction of sulfuric acid is more than 50%, the increase of titanium extraction is not obvious. So the most suitable for the mass fraction of sulfuric acid is 50%.
Effects of acid:slag ratio
The effect of acid:slag ratio on the percentage of extracted titanium is plotted in Fig.2b using the mass fraction 50% of sulfuric acid at 90 and leaching for 2 hours. As can be seen in Figure 2b , titanium extraction increased quickly for acid : slag ratio up to 1.5:1. Thereafter, the extraction of titanium in a stable trend as the amount of acid increased, the titanium extraction rate of 64.38% was observed at an acid : slag ratio of 1.5 : 1. These results show that a high acid consumption is necessary to break down the oxide phases, so the most suitable for the acid:slag ratio is 1.5:1. 
Effects of leaching temperature
The leaching temperature effect was investigated at constant conditions of sulfuric acid mass fraction of 50%, acid:slag ratio of 1.5:1 and leaching time of 2 hours and the results are shown in Fig.2c . The obtained results show that the studied leaching temperatures have a noticeable effect on the extraction of titanium, the high titanium extraction efficiencies were achieved and the extraction rate remained stable at a temperature over 160°C. This was explained that the possibility of formation of water during the reactions with H2SO4 is considerable. Water formation will decrease the H2SO4 concentration and the vapour pressure of H2SO4 [13] , and thus, the reactions with H2SO4 become diminished. So the most suitable for the leaching temperature is 160 . Fig.2d shows the effect of acid leaching time on the extraction of titanium under constant conditions of sulfuric acid mass fraction of 50%, an acid : slag ratio of 1.5:1 and leaching temperature of 160°C. the acid leaching time is not an important parameter for extraction of tiantium, the amount of titanium extracted nearly stabled after 2.5 hour. So the most suitable for the leaching time is 2.5 hour. The titanium extraction rate is 92.62% in this situation.
Effects of leaching time
Calcination
The acid-leach liquor obtained from sulfuric acid leaching process was rich in titanium sulfate (TiOSO4). The titanium sulfate solution was hydrolyzed at the boiling point to the yield precipitate of hydrous titanium oxides(H2TiO3). In order to obtain titanium dioxide, metatitanic acid was calcined. Anatase was formed after calcining at 500°C for 2 h. The XRD pattern of the calcined product is displayed in Fig.3 , which shows sharp peaks assigned to anatase (JCPDS 00-004-0477). Fig.4 shows the morphology of the calcined product. It can be seen that the morphology of most particles are uniform in size (100-300 nm in diameter), and the particles exhibit a smooth surface. The EDS shows the calcined product is high purity titanium dioxide [14] . Fig.5a shows the leaching at different temperatures, within the series of tests, the sulfuric acid mass fraction and acid:slag ratio were kept constant at 50% and 1.5:1. Fig.5b shows the leaching at different sulfuric acid mass fraction, within the series of tests, the leaching temperature and acid:slag ratio were kept constant at 160 and 1.5:1. 
Reaction kinetics
Kinetics experience of sulfuric acid leaching
The analysis of dynamic model
The reactions taking place for leach residue dissolution in sulfuric acid can be represented by: CaTiO3+2H2SO4=CaSO4+TiOSO4+2H2O Na2CaSiO4+H2SO4=CaSO4↓+Na2SiO3+H2O MgO+H2SO4=MgSO4+H2O The reaction of the Ti-enriched product can proceed in a topochemical manner. Obviously, whereby the thickness of an outer shell of insoluble product is progressively increased while the inner core of unreacted particle is decreased. It is clear in Fig.2d that the rate of reaction keep stable with time. This is due to the reduction of the reactant surface and the increase in path length for the diffusion of ions [15, 16] . Thus, the shrinking core model is a reasonable kinetic model of the reaction of leaching residue in sulfuric acid. The reaction can be described by the following steps:
(1) Transport of the sulfuric acid through the solution and the product layer to the unreacted solid-solution interface;
(2) Reaction of sulfuric acid with leach residue on the surface of unreacted solid; (3) Formation of the solid products on the surface layer of the reaction zone and transport of the soluble products from the interface into the bulk of solution.
The Drozdov equation which takes into account the self-impeding effect is selected for simulating the dissolution kinetics, the rate of reaction is given for the models can be described by the following equations [17] . (1) where k= reaction rate constant (min -1 ) ; β= retardation coefficient; t= time (min) ; x= fraction reacted of titanium. x= % Ti extraction/100.
The results and analysis of dynamic calculation
Based on the experimental data in fig.5a and fig.5b , and the data shall be carried out in accordance with the formula (1) fitting. The slope is β, the intercept is k. The calculation results are shown in table 3, the fitting curve are shown in fig.6 and fig.7 . Table 3 shows that coefficient of determination (R 2 ) is greater than 0.99, it had a good linear regression can be seen from Fig.6, Fig.7 , prove that the dynamics of the selected model consistent with the test results. The retardation coefficient β increases with the increase of sulfuric acid mass fraction, it is shows that when sulfuric acid mass fraction increased, appeared obvious parceling phenomenon in reaction process. 
Conclusions
In this study, recovery of titanium from Ti-enriched product which collect from alkali roasting Ti-bearing furnace blast slag was investigated. The experiments prove that recovering titanium from Ti-enriched product by dilute sulphuric acid leaching process is an effective method. The results show that titanium recovery rate of 92.62 pct was obtained under the conditions of sulfuric acid mass fraction of 50 pct, ratio of acid to slag of 1.5:1, leaching temperature of 160 and leaching time of 2.5 hours. The kinetic study indicates that the acid hydrolysis reaction was controlled by the rate of diffusion during all the leaching time. The resistance coefficient is larger and increases with temperature and sulfuric acid mass fraction increases, proved the reaction have obvious phenomenon of the parcel in surface.
